Bound states in the continuum (BIC) are considered as an effective means to dramatically elongate the trapping time of light. However, light-matter interaction depends not only on the life-time of an optical mode, but also on its mode volume. Therefore, increasing the lifetime of an optical mode and minimizing the mode volume simultaneously, utilizing the BIC resembles a promising way for enhancing light-matter interaction. Herein, we have proposed a novel hybrid plasmonic-dielectric structure to manipulate the mode volume of BIC. For the Friedrich-Wintgen BIC, the electric field is strongly confined in the dielectric nanoparticle, leading to the considerable field enhancement compared with the single dielectric nanoparticle case. In contrast, strong localization of electric field can be achieved along the surface normal direction for the symmetry-protected BIC, leading to one order of magnitude reduction of mode volume in one unit cell compared with the conventional symmetry-protected BIC of all-dielectric structure. The proposed hybrid photonic system could provide an ideal flat platform for advanced manipulation of light-matter interaction.
Introduction
Strongly localized electromagnetic field at the nanoscale is highly desirable for enhancing light-matter interaction [1] [2] [3] . As a result, surface plasmon polaritons (SPPs), which is accompanied by deep-subwavelength localization and dramatic enhancement of electric field at optical frequencies, have been widely employed to boost the strength of light-matter interaction [4] . Although plasmomic modes possess significant reduced mode volumes compared with photonic modes, their quality (Q) factors are usually quite low owing to the intrinsic absorption loss of metal, resembling a fundamental limit that endowed by the physics of plasmonics. Basically, the Q factors of plasmonic modes can be improved by using Wood's anomaly (WA) [5] , where the improvement was achieved inevitably by scarificing the size of mode volume.
In principle, Mie resonances in dielectric nanoparticles with large refractive indices can be employed to release the Ohmic loss [6] [7] [8] [9] . Although an improvement of Q factor can be achieved in such a wavelength scale nanoparticles, because of its dielectric nature, the realization of high Q factor resonance is still hindered by the radiation loss of corresponding electromagnetic multipole modes (i.e. scattering) of the high refractive index nanoparticle. Alternatively, the hybrid plasmonic-photonic system consisting of a semiconductor (CdSe) nanowire placed on a silver (Ag) film was demonstrated to be capable of neutralizing subwavelength localization and Ohmic loss simultaneously, resembling a versatile platform for engineering active light-matter interaction [10] . However, although such a two-dimensional subwavlength optical field confinement originated from the hybridization between photonic and plasmonic modes can be used to improve the Purcell factor of the hybrid system and eventually lead to the lasing of the CdSe nanowire [11] , the Q factor of the hybrid system is still limited. Similarly, the hybrid concept was used to boost the Purcell factor and generate efficient hot electron luminescence from a silicon (Si) nanowire coated with a thin Ag film [12] . Furthermore, such a strategy can be generalized to the three-dimensional case for realizing strong localization of optical field in particleon-film systems where dielectric nanoparticles (such as Si nanospheres) supporting distinct Mie resonances were used [13, 14] . As an exemplary application, the significantly enhanced electric field mediated by the mirrorimage-induced magnetic dipole mode was exploited to enhance Raman scattering and photoluminescence [15] .
One of the efficient ways to boost the radiative Q factor can be relied on bound states in the continuum (BICs) that were firstly predicted in electronics by von Neumann and Wigner in 1929 [16] . It is not until 80 years later, the photonic analogue of BICs was proposed for the first time and now it became a vivid sub-research field in nanophotonics [17, 18] . For example, BICs of photonic crystal (PhC) slabs and metasurface structures provide flat photonic platforms for engineering BIC associated ultra-high-Q resonances [17] [18] [19] [20] [21] [22] [23] [24] [25] , which enables the realization of various promising applications [6, 26, 27] . Basically, there are two interesting types of BICs observed in the PhC slabs, including symmetry-protected BIC (SP-BIC) [17, 18] and Friedrich-Wintgen BIC (FW-BIC) [28, 29] which was proposed in 2002 by Tikhodeev et al. The former type arises from the symmetry incompatibility between the localized mode and the incident wave of the continuum, while the latter type relies on the destructive interference between two scattering channels [30] . The SP-BIC can be accessed by either breaking the symmetry of the structure or the excitation [22] . For the FW-BIC, one can tune the Q factors of leaky resonance originated from such BIC by varying the structural parameters or excitation conditions [31, 32] . To date, for any structure that supports BICs, it should extend to an infinity in one spatial dimension at least. Therefore, the way to engineer electromagnetic field localization of BIC should be achieved in the orthogonal spatial dimensions. Very recently, a hybrid dielectric-metal structure composed of a dielectric waveguide and a metal grating, was proposed to realize BIC in a lossy system [33] . However, how different BIC modes can be used to shape the localization of electromagnetic near-field in the hybrid structure was yet to be addressed.
In this paper, we have proposed a novel dielectricmetal hybrid structure, which is formed by a periodic array of high-index dielectric nanoparticles sitting on a MgF 2 / Ag/SiO 2 substrate, to manipulate the localization of electromagnetic field in one unit cell of the structure based on the SP-BIC and FW-BICs. It is found that the strong localization of electric field can be achieved either in the dielectric nanoparticles or in the nanoscale dielectric gap between the dielectric nanoparticle and the metal film. Giving the possibility to boost the Q factor and minimize the effective optical mode volume in one unit cell of the structure simultaneously, many fascinating nanophotonic applications can be anticipated based on such flat platforms, but not limited to lasing action at BIC [27] , white light emission from indirect bandgap semiconductor [7] and light-matter interaction in low dimension system [3] .
Results and discussion
The dielectric-metal hybrid structure proposed in this work is schematically shown in Figure 1A . In practice, there are many choices of dielectric (e.g. Si, Ge, GaAs etc.) and metallic (e.g. Au, Ag, Al etc.) materials for the hybrid structure. In this work, a hybrid structure is formed by a MgF 2 layer (g = 25 nm) sandwiched by a periodic array of Si nanopillars and a thin Ag film. As shown in Figure 1A , the Si nanopillars are arranged in a square lattice with a lattice constant l. The thickness of the nanoscale dielectric spacer layer (e.g. a MgF 2 layer with a refractive index n = 1.38) is g = 25 nm and the thickness for the Ag film is t = 100 nm. The hybrid structure sits on a glass substrate. Our results can be readily extended to other hybrid systems. As a first step, we have investigated the scattering of a single Si nanopillar with different substrates. We have neglected the optical loss of Si first (n = 3.4) and the dispersive and lossy case will be provided in the Supporting information. In Figure 1B , the extinction spectrum of a single Si nanopillar with a diameter d = 200 nm and a height h = 190 nm sitting on a silica (SiO 2 ) substrate (n sub = 1.45) is presented, where the extinction is dominated by the contributions of MD and ED modes. When the thin Ag film and the nanoscale MgF 2 spacer layer are added to this system, the extinction spectrum of the Si nanopillar is modified dramatically, as shown in Figure 1C . In this case, the ED and MD induced in the Si nanopillar can also be evaluated [34, 35] . The existence of the Ag film will introduce the bianisotropic effect, which is corresponding to the excitation of a out-of-phase MD moment at the ED resonance near 720 nm in the Si nanopillar [35] [36] [37] . It is noticed that the MD moment contributes negatively to the total extinction in the presence of the Ag film, because of bianisotropic effect implying a destructive interference between the fields scattered by the ED and MD moments [36] . More importantly, such bianisotropic effect also results in the shrinkage of the ED resonance's line width [14] , as clearly shown in Figure 1C .
The momentum-matching condition between the resonant modes excited in the hybrid structure and the incident light can be described by Bragg's coupling equation [38, 39] :
where k 0 is the wave vector of the incident light with an incident angle θ, G x and G y are the Bragg vectors associated with the two periodicities of the array, i and j are integers indicating the orders of the scattering event. The wave vectors of the SPP and WA modes (k SPP and k WA ) are
Here, ε m and ε d are the relative dielectric constants of metal and surrounding medium [39] . Then we consider electromagnetic modal properties of the periodic plasmonic-photonic hybrid system shown in Figure 1A .
In Figure 2A , we have shown the evolutions of resonant response in the hybrid system together with the increasing lattice constant revealed by the random ED excitation methods (see Methods and Supporting Information, Figures S1 and S2 for details). As we can see in Figure 2A , the dependences of k SPP and k WA on the lattice constant of the array are presented by red dots and white dashed line, which show very good correspondences to two modes found by the random ED excitation method and identifies the SPP and WA modes of the hybrid system, respectively. We also outlined the evolutions of two other modes by black dots and white dots, respectively. For the hybrid structure with a large lattice constant, i.e. l ~ 1000 nm, there is a resonance mode whose resonant wavelength (720 nm) is similar to the single particle case shown in Figure 1C . The resonant wavelengths of this mode are hardly changed with the reduction of lattice constant (see black dots), where we name it as the bianisotropic induced mode (BM). The resonant mode indicated by the white dots manifests itself as a Z-oriented ED (p z ) in one unit cell, as shown by Figure 2C . In order to further identify other modes excited in the hybrid structure, we have also presented the electric field distributions in a unit cell for different modes marked as α, β and γ in Figure 2B , as shown in Figure 2D -F. The electric field of the α mode localizes in the nanoscale spacer layer between the Si nanopillar and the Ag film, indicating a SPP nature of this mode. The electric field of the mode marked at β is mainly distributed inside the Si nanopillar, manifested itself as the circular electric field distribution inside the nanopillar. It means that such mode is associated with the bianisotropic effect where the ED moment (p x ) of the nanoparticle induces a MD (m y ) moment of the nanoparticle. The resonant wavelengths of the mode marked at β keep almost unchanged together with the increasing of lattice constant (see Figure 2A ). In addition, we presented the electric field distribution of the WA mode at γ. As shown in Figure 2E , its electric field is weakly localized at two corners of the Si nanopillar, implying that it is caused by the far-field coupling of the Si nanopillars via the lattice. In order to evaluate whether these modes can be accessed by a normally incident plane wave, we have further provided the reflection spectra of the hybrid structures with different lattice constants, as shown in Figure 2B . Comparing the results of Figure 2A and B, we clearly found the signatures of two BIC modes in this hybrid system. The first one is the FW-BIC as indicated by a green dashed circle in Figure 2B . It is remarkable that the strong interaction between the SPP mode and the BM creates a region of avoided crossing resonances when the lattice constant is varied from 374 to 384 nm, as shown in Figure 2A and B. The interference between these two resonant modes results in the vanish of linewidth of one resonance. We further provided the reflection spectra in Figure 2G -L, where the dip in the reflection spectrum disappears at l = 378 nm, forming the so-called FW-BIC. At the same time, we also noticed that there is a mode (marked by white dots in Figure 2A ) that is not revealed in the reflection spectra of the normally incident plane wave shown in Figure 2B . It means that this mode cannot couple to the plane wave propagating along the Z direction. As mentioned above, such mode manifests itself as an ED oriented along the Z direction in the Si nanopillar, as shown by Figure 2C . This mode can be accessed by an inclined incident plane wave with suitable polarization that will be discussed in the following, indicating that it is a SP-BIC mode. Different from the BM, the SP-BIC mode shifts to longer wavelengths with increasing lattice constant (see Figure 2A ).
In order to gain a deep insight into two kinds of BICs formed in the hybrid structure, we calculated the reflection spectra of the hybrid structure illuminated by a plane wave at different incident angles with the lattice constant l = 320 nm. The reflection spectra of the hybrid structure excited by p-and s-polarized plane wave at different incidence angles are shown in Figure 3A and B, respectively. For the normal incidence case (θ = 0°), the SPP mode appears at ~620 nm. According to Eq (1), its resonant frequency redshifts together with the enlargement of incident angle. As a result, such mode will interact with the BM together increase and an avoided-cross frequency region at ~731 nm appears. The FW-BIC is created when the incident angle reaches θ = 22°. According to Eq.
(1), the wave vector of the incident light in the X-Z plane is enlarged with increase in the incident angle, which is equivalent to the enlargement of the array period. Such process will eventually lead to the formation of FW-BIC similar to the case shown in Figure 2B . In contrast, one can see only the BM at ~731 nm which is almost invariant with the increasing of the incidence angle for s-polarized plane wave, because the SPP mode cannot be excited at this case, as shown in Figure 3B . Furthermore, we showed the reflection spectra calculated for a hybrid structure with the lattice constant l = 700 nm excited by p-and s-polarized plane waves in Figure 3C and D, respectively. For the p-polarized plane wave, the SP-BIC cannot be accessed at the normal incidence and gradually evolves into leaky resonances when the excitation condition is slightly detuned from the normal incidence. For the s-polarized plane wave, however, there is no BIC revealed in the reflection spectra, because SPP associated SP-BIC mode cannot be excited in this case.
In order to show quantitatively, how the Q factors of the BICs can be manipulated, we showed the dependence of the Q factor on the lattice constant of the hybrid structure derived for the FW BIC in Figure 4A . When the lattice constant approaches l = 378 nm, the Q factor of the Fano resonance rises dramatically and trends to become divergent. Owning to the absence of radiation loss, the Q factor of the BIC created in the hybrid structure is much larger than that achieved in the WA mode (~100). For the SP-BIC, we can also extract the dependence of Q factor on the excitation condition from the angle-resolved reflection spectra, as shown in Figure 4B . It can be seen that the Q factors increase sharply as the incidence angle is reduced to θ = 10° and a Q factor of ~350 is achieved at θ ~ 2°.
For photonic circuits in the future, Si-based lasers compatible with the current fabrication technology of Si chips are highly desirable. Very recently, efficient white light emission from Si nanoparticles has been achieved by exploiting the excitation and emission enhancements of Mie resonances with femtosecond laser pulses [7] . The strongly localized electric field inside the nanoparticle achieved at the MD resonances of a Si nanoparticle significantly enhances the two-and three-photon-induced absorption (2PA and 3PA) of the Si nanoparticle, leading to the emission of hot electron luminescence. As the Q factors of Mie resonances are quite low, it is anticipated that one can enhance the Q factor of the system, while maintaining similar electric field distribution as the MD mode of a Si nanoparticle. Since the 2PA and 3PA of a Si nanoparticle are found to be related to the integration of |E | 4 and |E | 6 over the volume of the Si nanoparticle, the FW-BIC associated resonance provides an unique opportunity to boost the Q factor of the structure while maintaining the effective mode volume of the constituent Si nanoparticle comparable to a single Si nanoparticle case simultaneously. It should be pointed out that the effective mode volume mentioned here in one unit cell of the structure is analogue to the definition of a single Si nanopillar. We therefore examine the enhancement factor of nonlinear optical absorption in the Si nanopillar of the hybrid structure(l = 365 nm) which is close to the FW-BIC condition (l = 378 nm). In this case, the hybrid structure is excited by using a plane wave propagating along the -Z direction. As shown in Figure 5A , very large 2PA and 3PA enhancement can be achieved at ~730 nm where the leaky resonance associated with the FW-BIC appears. The corresponding electromagnetic field distribution for this leaky resonance is shown in the inset of Figure 5B , where the electromagnetic field is mainly located inside the nanoparticle, leading to enhancement factors as large as 3500 and 250 for the 3PA and 2PA compared with the single dielectric nanoparticle case, respectively. We also examine the dependence of the 2PA and 3PA on the lattice constant of the hybrid structure, as shown in Figure 5B . Significant enhancement of the 2PA and 3PA of Si nanopillars can also be achieved in the hybrid structures close to the FW-BIC condition owing to the dramatical increase of radiative Q factor. In addition to confine electromagnetic field inside the dielectric nanoparticles, the electric field can also be strongly localized in the nanoscale MgF 2 layer, if we selectively excite the SP-BIC of the hybrid structure, as shown in Figure 2C . In order to show the advantage of the proposed hybrid structure over the all-dielectric structure composed of the regular array of Si nanopillars only (i.e. without the spacer layer and Ag film), we have presented the reflection spectra for the same all-dielectric structures first, as shown in Figure 6A . In this case, the all-dielectric structures are excited by using a plane wave propagating along the -Z direction. As discussed above, the SP-BIC cannot be excited by using a normal incident plane wave. While it can be revealed by using randomly oriented and distributed ED sources inside the structure, as shown in Figure 6B . For comparison, the reflection spectra and the resonant modes revealed by using randomly oriented and distributed ED sources are presented in Figure 6C and D. In the absence of the Ag film, only the SP-BICs can be found in all-dielectric structure. In Figure 6E , we have presented the electric field distribution in one unit cell of the structure calculated at the SP-BIC of an all-dielectric structure with the lattice constant l = 700 nm (see Figure 6B ). It is found that the dominated ED moment inside the Si nanopillar is along the Z direction, belonging to a p z SP-BIC mode. In sharp contrast, the electric field is strongly localized in the spacer layer between the Si nanopillar and the Ag film for the SP-BIC supported in the hybrid structure with a nanoscale MgF 2 layer of g = 5 nm (see Figure  6E , F and G). At the same time, the effective mode volume in one unit cell of the infinite structure can be reduced by one order of magnitude as compared with the all-dielectric structure, which exhibits strong dependence on the gap width between the Si nanopillar and the Ag film, as shown in Figure 6H (see Supporting Information, Figure  S3 ). For g = 1 nm, 10 times reduction of the effective mode volume can be achieved, which is very useful for the study of light-matter interaction in two-dimensional material. A detailed investigation reveals that the electric field in the Z direction (E z ) is three orders of magnitude larger than that in the X direction (see Supporting Information, Figure S4 ). It implies that the Purcell factor for out-of-plane dipoles can be several orders of magnitude larger than that for in-plane dipoles. The large asymmetry in the electric field offers the opportunity for detecting the dark excitons in two-dimensional materials by using the SP-BIC in the hybrid structure, which remains a big challenge at present [40] . The proposed structure can be fabricated utilizing a generalization of the fabrication process presented in [41] . It should be pointed out that a special attention should be paid to the whole fabrication process to guarantee the quality of MgF 2 layer similar to Ref. [10] , as fabricating a uniform nanometer scale film is still challenging. Such sub-nanoscale layer can be substituted by 2D materials, which have been demonstrated recently [42] . Note that this proposed effect is valid when taking the absorption of Si in the visible spectrum into account [43] . (see Supporting Information, Figure S5 ). It should be pointed out that the topological protected BIC can be used against the fabrication disorder and substantially maintain high radiative Q factors in realistic devices [44] [45] [46] .
Concluding remarks
In summary, we have proposed a novel hybrid dielectric-metal structure supporting symmetry protected and Friedrich-Wintgen BIC to effectively compress the mode volume of BIC mode regarding to the all-dielectric system. It is found that the Friedrich-Wintgen BIC originates from the strong coupling between the bianisotropic effect induced mode and the SPP of the hybrid structure, whose electric field is mainly localized inside the dielectric naonparticle. Three and two orders of magnitude enhancement in three photon and two photon absorption can be realized utilizing the Friedrich-Wintgen BIC compared with the single nanoparticle case. While the symmetry protected BIC is originated from the Z-oriented EDs in the unit cells of the array, whose electric field is strongly localized in the nanoscale spacer region. Such a symmetry protected BIC mode of the hybrid system processes a mode volume in one order of magnitude smaller than the conventional SP-BIC of the all-dielectric case. By selectively exciting the symmetry protected BIC or Friedrich-Wintgen BICs supported in the hybrid system, the BIC associated spatial localization and enhancement of electric field in the hybrid structure can be manipulated effectively. The hybrid structure proposed in this work offers the unique possibility for controlling and enhancing light-matter interaction in the high-Q resonance region, which offers feasibility for tailoring nonlinear optical absorption, harmonic generation, lasing, dark exciton, and beyond.
Methods

Numerical modeling
The scattering spectra of Si nanoparticles placed on a substrate were calculated by using the finite-difference time domain (FDTD) method. In the FDTD simulation, a nonuniform mesh with the smallest mesh size of 2 nm as well as a perfectly matched boundary condition was employed.
Then we can decompose the contributions of induced electromagnetic multipolar moments in the Si nanoparticle to the extinction cross sections [34] . In this case, the electric dipole (ED) and magnetic dipole (MD) moments induced in the Si NS can be calculated based on the electric field E(r), i.e. p = ʃPdr, m = ʃr × Pdr, P = ε 0 (ε p - ε d )E. Here, ε 0 is the permittivity of vacuum, ε p and ε d are the relative permittivity of nanoparticle (Si in our case) and environment (air in our case), respectively. In our case, the extinction cross section contributed by the induced ED and MD moments under the excitation of a X-polarized plane wave can be written as: [34] ext 0 0 1 * Im
Here, k d is the wave vector of the incident plane wave in the surrounding medium. c is the velocity of light.
In order to reveal the resonance modes of the hybrid structure which cannot be accessed by the normalincident plane wave, we use 10 randomly oriented and distributed ED sources dispersed in one unit cell of the hybrid structure to effectively excite all the resonant modes. Then we record the time evolution of electric field at 7 randomly distributed locations in the unit cell, where the numbers of locations are sufficient to extract the modal properties even some of them are accidentally located at the node of an electromagnetic mode. The response of the system in frequency domain can be obtained through the average of Fourier transformation results of the recorded timedomain signals (see Supporting Information, Figures S1 and S2). In the calculation, periodic boundary conditions are applied at the planes perpendicular to the X and Y axes while perfect matching layers are used in the Z direction. It should be pointed out that we apodize the time signals by applying a Gaussian-shaped window to filter out the excitation signal. The permittivity of Ag was modelled using the experimental data reported in [47] and the refractive index of silicon was taken in [43] . The effective mode volume of the plasmonic cavity modes can be expressed as [12, 48] where ε(r) is the material dielectric constant. The electric field intensity was integrated over the entire mode structure.
